The gut microbiota of premature and full-term infants have many known differences, but the extent to which the degree of prematurity influences the structure and functional potential of the microbiome has not been deeply explored. Here, we used genome-resolved metagenomics to address how gestational age impacts the premature infant gut microbiome. We found that gestational age is associated with species richness, with more premature infants having lower species richness; this effect lasts until the fourth week of life. Novel Clostridium species and strains related to Streptococcus salivarius and Enterococcus faecalis colonize infants of different gestational ages, and the metabolic potential of these organisms can be distinguished. Thus, we conclude that the extent of prematurity, or directly linked factors, can be an important influence on the microbiome and its functions.
Introduction
The human gut microbiome plays many important roles, including the extraction of nutrients from food, metabolizing toxins, immunomodulation, and protection from pathogens 1 .
Infants, near-sterile when born, obtain microbes from their mother and their environment [2] [3] [4] .
The gut microbiome of infants is known for its simplicity and low complexity compared to the gut microbiome of older children and adults 5 . Premature infants, born before they have reached 37
weeks in utero, harbor gut microbial communities of even lower complexity than full-term infants, as they are colonized by tenfold fewer species 6 . Premature infant gut microbiomes display abrupt shifts in composition 7 , and may have a different taxonomic makeup than microbiomes of full-term infants 6, 8, 9 . Studies on premature infants suggest that the extent of the infant's prematurity influences their gut microbiome. A recent study, utilizing 16S rRNA gene sequencing, revealed that bacterial alpha diversity varies based on the infants' gestational age, with more premature infants having less diverse microbiomes. This study also showed that infants born at a later gestational age had greater abundance of Bifidobacterium and Streptococcus 10 . However, there were no analyses of differences in metabolic potential of microorganisms colonizing infants of different gestational age, due to the low resolution of the 16S method. A metaproteomics study revealed that gut bacteria of extremely preterm infants (< 28 weeks gestational age) produced more translation and membrane transport proteins, while the microbiomes of infants with a gestational age of 30 weeks produced more energy metabolism proteins 11 .
Genome-resolved metagenomics involves sequencing all the DNA extracted from a sample and then reconstructing genomes for the relatively abundant microorganisms present.
Previous genome-resolved metagenomics studies found that the infant gut microbiome is influenced by factors such as formula feeding, the hospital room environment, and antibiotic exposure 4, 12, 13 . Here, we utilize genome-resolved metagenomics to analyze the effects of gestational age on the composition and metabolic potential of the premature infant gut microbiome. It is well-established that prematurity is associated with increased disease and infant mortality 14 , and this is partially due to factors involving the microbiome 15 . Understanding the effect that gestational age, i.e. the extent of prematurity, has on the microbiome may improve understanding of disease in premature infants. We found that certain bacteria occurring in infants of different gestational ages carry distinct sets of metabolic genes, thus utilizing genome-centric metagenomics to resolve how the gut microbiome is influenced by extent of prematurity.
Results
We analyzed 900 previously reported samples from 106 premature infants with gestational ages of 24 to 32 weeks at birth (Table S1 ). Samples were collected over the first two to three months of life. Among these infants, just 10% were classified as moderate preterm (defined as 32 to < 34-week gestation), 60% of the infants were very preterm (28 to < 32-week gestation), and 30% were extremely preterm (< 28-week gestation) (Fig 1a) . A correlation analysis revealed that gestational age is closely associated with birth weight (r = 0.84) (Fig 1b) , but gestational age does not display a correlation with any of the other variables in the infant metadata (Fig 1c) . Reconstructing genome bins from the 900 samples sequenced resulted in a dereplicated set of 1,483 genomes with an average completeness of 92% as evaluated based on the presence of bacterial single copy genes. There was no significant difference in genome completeness or sequencing depth of infants of different gestational age (Table S2 and Table S3) .
A linear regression model was applied to evaluate the effect of the infant's characteristics as well as environmental factors on the species richness of the gut microbial community. As expected, administration of antibiotics due to a disease diagnosis after the first week of life caused a significant decrease in richness (p < 1 ´ 10 -6 , multiple linear regression analysis) ( Table   1 ). The model also revealed that gestational age has a significant effect on species richness (p < 1 ´ 10 -6 , multiple linear regression analysis) ( Table 1 ). To understand how gestational age's effect on species richness changes over the course of the first few months of life, the richness of microbiomes of infants with gestational age < 28 weeks (extremely premature) was compared to that of infants with gestational age ³ 28 weeks, at each week of life. In the first few weeks of life, microbiomes of extremely premature infants have significantly lower richness levels (Fig 2) . This effect is no longer present at the fifth week of life and onward.
We compared the average taxonomic composition of microbiomes of infants with gestational age < 28 weeks and infants with gestational age ³ 28 weeks (Fig 3) . The figure shows small fluctuations in composition over time, but the microbiomes of individual infants can display more drastic shifts in composition. In infants with gestational age < 28 weeks, Klebsiella was consistently the most abundant taxa, except for during the seventh week of life where Escherichia was most abundant (Fig 3a) . In infants with gestational age ³ 28 weeks, Escherichia and Klebsiella were initially abundant but the relative abundance of these taxa appeared to decline over time (Fig 3b) ; however, this decline was not statistically significant, as the interindividual variation was substantial. When making direct comparisons of relative abundance between the two infant cohorts in the same week of life, the infants with gestational age ³ 28 weeks had significantly higher populations of Veillonella, Clostridioides and Clostridium throughout the first month of life (p < 0.001, Mann-Whitney U test with FDR correction). When making comparisons based on corrected age, which is calculated from the time of conception to adjust for prematurity, we found no significant difference between the relative abundance values of Veillonella and Clostridioides in the two infant cohorts. The lack of difference when matching samples based on corrected age supports the hypothesis that the previously mentioned finding is due to prematurity-as the extremely premature infants reach the second month of life, they become more developmentally similar to the less premature infants, and the (likely prematurityinduced) effects that were present in early life are no longer detectable.
We investigated the differences in metabolic potential of bacterial strains colonizing infants of varying gestational ages. Separate analyses were performed for each week of life and for each species or species group, in the case of Clostridium. Within each week we considered only one sample per infant to reduce bias due to resampling of the same strain in subsequent samples, allowing us to test for patterns that were consistent across infants. We uncovered trends related to the extent of prematurity, in which particular organisms exclusively colonized infants of a certain gestational age. In the second week of life, species of a novel group in Clostridium, all of which have genes for vitamin B biosynthesis, were only present in infants of gestational age greater than 30 weeks (Fig 4a) . Streptococcus salivarius-related strains containing genes for L-Cystine transport only occurs in infants of gestational age ≤ 30 weeks (Fig 4b) . In the third and fourth week of life, very-closely related Enterococcus faecalis strains with genes for the RaxABRaxC type I secretion system are present exclusively in infants of gestational age ³ 28 weeks (Fig 4c) . Most of the E. faecalis carrying genes for this secretion system also harbor biosynthetic gene clusters for bacteriocin and lantibiotic, while none of the E. faecalis lacking the secretory genes were found to harbor these biosynthetic gene clusters.
Discussion
Our study involved analysis of the microbiomes of 107 premature infants for which a variety of metadata was collected, including each infant's gestational age, birthweight, disease incidence, antibiotic exposure, feeding method, gender, and birth mode (Table S1) . Agreeing with population-based references built from historical data 16 , the gestational age of infants in this study was closely correlated with birthweight (Fig 1b) . However, the other collected metadata did not display a correlation with gestational age (Fig 1c) , indicating that the findings of this microbiome study can be attributed to either (1) the gestational age, directly, or (2) differing clinical treatment among babies of varying gestational age that was not recorded in the collected metadata. This differing clinical treatment could be a particular feeding regimen (e.g., more specific than whether the infant received breastmilk, formula, or a combination), usage of a mechanical ventilator, length and timing of attachment to intravenous nutrition lines, or another factor.
Regardless of whether it is a direct or indirect effect, gestational age was strongly associated with species richness (Table 1) , and this effect is only present during the first month of life (Fig 2) . This indicates that while gestational age influences the microbes present in the few weeks immediately following birth, it does not have a persistent impact on microbiome complexity over the study period. We found that no other factors besides gestational age and post-week infant antibiotic exposure had a significant impact on richness of the gut microbiome (Table 1) . This contrasts with findings of previous studies that associated formula feeding with increased diversity 17 and intrapartum maternal antibiotic use with decreased diversity 18 . It is important to note, however, that in the current study, organisms can be grouped at the strain or species level, whereas prior studies mostly relied on 16S rRNA gene fragment profiling, which typically has genus-level resolution.
Perhaps the most surprising result was that the day of life (infant's age in days) did not have a significant influence on species richness (Table 1) . Previous studies have shown that the microbiome of full term infants gains species over time and displays a clear increase in diversity 19 .
The difference between the patterns reported here and prior studies may be largely accounted for by prematurity and, in some cases the administration of antibiotics that cause a sharp decline in microbiome diversity 20 . Because these infants were in the neonatal intensive care unit throughout our study, the consortia available to colonize them likely had lower diversity than would have been encountered in the home environment and includes bacteria considered to be hospital-associated pathogens 21 .
We found that certain organisms only colonized infants of a particular gestational age range. One such case is Clostridium, which are anaerobes that have been previously found in the infant gut 22 . We identified a group of Clostridium that was not closely related to previously sequenced organisms, and found that some organisms in this group harbor genes for biosynthesis of pantothenate, also called vitamin B₅, a water-soluble vitamin and an essential nutrient typically supplied by intestinal bacteria 23 . These novel Clostridium species with genes for pantothenate production were only found in less premature infants (Fig 4a) . It should be noted that two of the infants harboring Clostridium with the pantothenate biosynthesis genes are twins, born at a gestational age of 32 weeks. Genetic relatedness, exposure to the same mother's microbiota, or other factors may have contributed to colonization by similar bacteria. However, the other infants showing gestational age-dependent colonization were unrelated. The observation that very premature infants may have comparatively lower access to vitamin B₅ than less premature infants due to strain colonization may be important because lack of pantothenic acid can adversely affect the immune system, producing a pro-inflammatory state 24 . It has been shown previously that the production of pantothenate in the gut is negatively impacted by low availability of vitamin D, which is often the case with very premature infants 25 . Thus, selection against Clostridium strains with the capacity for pantothenate production may be explained by increased prematurity.
Streptococcus salivarius-related bacteria with genes for transport of L-cystine, an amino acid essential for infants, are present only in infants of less than 31 weeks gestational age (Fig   4b) . The infants in this study received cysteine, which forms the cystine dimer, as part of an amino acid mixture included in the parenteral nutrition. A study evaluating plasma amino acid concentrations in infants given parenteral nutrition found that infants of lower birthweight have less of an ability to use cystine/cysteine compared to infants of higher birthweight 26 . Since the more premature infants have lower birthweight (Fig 1b) , the inability of the human cells to uptake cystine may lead to higher concentrations of cystine in the gut, indicating why cystinetransporting bacteria are selected for in these infants.
The trends described with Clostridium and S. salivarius both occur in the second week of life. However, Enterococcus faecalis displays interesting pattern in the third and fourth week of life: strains with a RaxABRaxC type I secretion system occur only in infants of greater gestational age, while strains lacking this secretion system occur exclusively in extremely premature infants (Fig 4c) . The RaxABRaxC type I system is involved in the secretion of double-glycine-type leader peptides 27 , which occur in bacteriocins and lantibiotics 28 . All the E. faecalis with the RaxABRaxC type I secretion system have gene clusters for production of lantipeptides, bacteriocin, or both.
In contrast, most of the E. faecalis lacking the secretion system (i.e., the E. faecalis occurring in the infants of lowest gestational age) did not have these biosynthetic gene clusters. Since bacteriocins are toxins that inhibit the growth of closely related strains, the gestational age of an infant could indirectly influence the contribution of E. faecalis to bacteriocin production and thus influence microbiome composition. As E. faecalis is a common and often abundant member of the gut microbiomes of premature infants 29 , it is possible that bacteriocin production is less common in infants of very low gestational ages.
The findings discussed above offer a strain-level perspective to what is known about how the taxonomic and functional characteristics of the gut microbial community change depending on the infant's gestational age 10, 11 . By analyzing the metabolic potential of each genome, we found evidence that the extent of prematurity, either directly or indirectly, can affect the gut microbiome. Given evidence that a lower gestational age may limit bacteriocin and vitamin production, which are factors that can impact community structure and lead to inflammation 30, 31 , these findings may inform our understanding of diseases associated with dysbiosis of the microbiome, especially in very premature infants.
Methods
Sample collection and metagenomic data processing for these samples were previously described 32 . Briefly, fecal samples were collected from premature infants residing in the neonatal intensive care units (NICU) of the Magee-Women's Hospital in Pittsburgh, PA, and a PowerSoil DNA isolation kit (Mo Bio Laboratories, Carlsbad, CA) was used to extract the DNA, which was then sequenced on an Illumina platform (further details available here 21, 33, 34 ). The samples analyzed in this study have been previously reported, and the reads are publicly available at NCBI as described here 12, 21, 33, 34 .
The reads were trimmed using Sickle (https://github.com/najoshi/sickle) and cleared of human contamination through read mapping with Bowtie2 35 . IDBA-UD 36 was used to assemble the reads of each sample and was also used to generate co-assemblies by combining the reads of all the samples from a particular infant. The genes on the scaffolds were predicted using Prodigal 37 . The scaffolds were grouped into genome bins using concoct 38 and redundant bins were dereplicated using dRep 39 v0.4.0. Centrifuge 40 was used for initial assignment of taxonomy, which was then verified by confirming the phylogenetic profiles of the scaffolds in the genome bin. When majority of the scaffolds in a genome bin were of unknown phylogenetic profile, the organism was concluded to be novel. For annotation of metabolic capabilities, the sequences were searched against the Kyoto Encyclopedia of Genes and Genomes (KEGG) 41 
